The recent suggestion that dramatic changes may occur in the lifetime of alpha and beta decay when the activity, in a pure metal host, is cooled to a few Kelvin, is examined in the light of published low temperature nuclear orientation (LTNO) experiments on such sources cooled to as low as 25 mK, with emphasis here on alpha decay. In LTNO observations are made of the anisotropy of radioactive emissions with respect to an axis of orientation. Correction of data for decay of activities in metallic samples held at temperatures at and below 1 Kelvin for periods of several days has been a routine element of LTNO experiments for many years. No evidence for any change of half-life on cooling, with an upper level of order 1%, has been found, in striking contrast to the predicted changes, for alpha decay, of several orders of magnitude. The proposal that such dramatic changes might alleviate problems of disposal of long-lived radioactive waste is shown to be unrealistic.
It is the objective of this presentation to report aspects of already published experiments of significance to these suggestions, clearly indicating that the predictions are far from experimental reality. The experiments concern the decay of relatively long lived 224Rn, 225Ra and 227Ac and their daughter decay chains implanted in an iron metal foil and studied at temperatures down to below 20 mK. The original objectives of this work were to study the polarization of the decaying isotopes through measurement of the angular properties of their alpha and gamma emissions -the method of low temperature nuclear orientation (LTNO) -leading to results on the hyperfine interactions of the isotopes involved, their magnetic dipole moments and the magnetic hyperfine fields they experienced as implants in the ferromagnetic iron lattice.
The experiments which provide the evidence given here were performed at ISOLDE, CERN and Oxford over a period of several years. Other LTNO groups, in particular those from Leuven and Bonn, have published work on implanted alpha emitters cooled to millikelvin temperatures in metals, containing similar evidence.
From Ref.
[1] the enhancement of alpha decay rates in a metal is associated with the presence around the metallic ion of a screening charge, due to free electrons, which is taken to reduce the barrier height by the screening energy UD According to this picture, the reduced barrier height enhances the rate of alpha tunneling through the barrier to separate from its parent nucleus, thus reducing the lifetime. Since ionic charge screening by free electrons occurs only in metals, it is predicted that large differences of alpha decay lifetime will be observed depending upon whether the decay takes place in an insulator or a metal. An expression is given for UD in terms of the charges of the alpha particle Z_ and the daughter nucleus Zt, the temperature of the lattice electrons and a parameter Ue(d+d) which relates to a d + d fusion reaction in a metal where T is the absolute temperature of the metal in which the decay takes place. A 'typical' value of Ue(d+d)290 is given to be 300 eV at 290 Kelvin. The temperature dependence arises from taking the Drude model for the 'quasi-free' valence electrons as having an (average) kinetic energy of 0.5 kT. Based on this expression it is suggested that by cooling the activity in a metal sample to liquid helium temperature (4.2 K), the half-life of 210Po can be reduced from 138 d to 0.5 d and of 226Ra from 1600 y to 1.3 y, factors of order 1000, in each case through a reduction of the effective barrier potential by about 420 keV.
Low temperature nuclear orientation experiments involve cooling radioactive isotopes in samples in which they experience strong hyperfine interactions to temperatures at which they become, in the case of a magnetic interaction, polarised along the direction of the magnetic field. The appropriate temperature range is typically between 1 and 100 mK for activities in, for example, a ferromagnetic iron foil sample.
The decay correction, fundamental to these measurements, is directly relevant to the present work, as it involves the decay constant of a isotope in question through a correction factor where λ_=ln(2)/T1/2 is the decay constant, _ is the real time of the counting period and t is the difference between the arbitrary normalisation time and the start of the measurement. In the work referred to in this paper, the orientation coefficients Bk , dependent on the product of magnetic dipole moment and the hyperfine field acting on the studied nuclei in the sample, were used to extract the magnetic dipole moment of oriented states and compare them with either the same moments obtained by a different technique or with systematics and theory. It is obvious that should the experimental anisotropy be determined incorrectly, i.e. if the correction for the radioactive decay, made by using decay constants known at room temperature, would not apply at temperatures of 1 K and lower, the extracted magnetic dipole moment would be wrong.
Additional sensitivity to the appropriateness of the decay correction arises from other detailed properties of the measured anisotropic distributions. The first sensitive feature is that, at the lowest temperatures, the anisotropy must become independent of temperature as the nuclei become fully polarized. Since there is a time sequence in such measurements as the sample temperature is changed, any incorrectness in the source decay correction will impose a false slope or scatter upon the extracted temperature dependence.
The second sensitive feature is that the anisotropy involves an increase in observed intensity in some directions to the orientation axis, and in others a decrease, the actual quantitative changes being determined by well established theory of the distribution. The application of an incorrect adjustment for source decay will falsify the relationship between observations in detectors in different directions to the axis. Thus, if the decay correction assumes too short a lifetime, the 'warm' unoriented distribution will be taken to fall too fast, so that any observed increase in intensity, measured at a time later than the 'warm' distribution, will be analysed as too large relative to its true value by a certain factor, and any simultaneously observed decrease would be analysed as smaller than its true value, by the same factor. These failures would lead to distortion of the relation between the analysed anisotropies in the two directions, which can usually be readily identified.
A separate aspect of the LTNO technique with relevance to lifetime is the fact that for the observed anisotropies to be characteristic of the hyperfine interaction in a specific nuclear state, usually a ground state, the lifetime of that state must be long enough for the nuclei to reach thermal equilibrium with the metallic lattice and achieve a degree of polarisation characteristic of that temperature and interaction strength. The time for this to be reached, the nuclear spin-lattice relaxation time, T1, has been established in implanted, diffused and comelted metallic samples as following the Korringa conduction electron mechanism. In iron samples of the type discussed in this paper T1's have been measured to range from many hours to below 100 ms at millikelvin temperatures. The relevant parameter is the ratio T1/ T1/2. There is abundant evidence that were a lifetime to become shorter than 0.1 ms thermal equilibrium will not be achieved. In situations involving a decay cascade, such as are described in this paper, a degree of polarisation may be 'inherited' from a precursor state higher in the decay chain. Reference to situations of this kind are made in the text where relevant, as the degree of equilibration will be affected if lifetimes were to be severely reduced on cooling.
Finally, as a matter of course, OLNO experiments include measurement of the unoriented intensity at both the start and the end of the experiment, and quite often also at an inter-mediate time, when the temperature is at close to 1 K. It is a standard requirement that these normalisation measurements must, after due correction for decay of the source, yield a consistent value for the reference 'warm' intensity to be used in evaluation of all measured anisotropies. If the normalisation should not be consistent this would be immediately apparent and present a challenge to the experimenters. Thus we have, in effect, a measure of the source decay at 1 K over the period of the experiment, which is typically at least several days.
DISCUSSION AND DISCUSSION AND CONCLUSIONS CONCLUSIONS
In this paper evidence has been presented concerning the prediction that introducing alpha activities into metals and cooling them to temperatures of a few Kelvin and below should produce major changes in their decay rates and the appearance of their alpha spectra. On this evidence, no such changes have been observed with an upper level of one percent, at 1 K, a factor of about 105 smaller than the predicted changes. Two of the three nuclear moments deduced from these experiments, which depended upon correct source decay treatment, have been confirmed by independent subsequent measurements; the third, measured solely by this technique, agrees well with theoretical calculation.
